Field studies were conducted in growing seasons 2004, 2005, and 2010 to investigate the effect of different soil pH values on the alkaloid content in seeds of Lupinus angustifolius. Two-year experiments with eleven cultivars were carried out in acid soils with an average of pH = 5.8 (Mecklenburg-Western Pomerania) and on calcareous soils with an average pH of 7.1 (Bavaria), respectively. In addition, in 2010, eight cultivars were grown in field experiments in soils with pH values varying between pH = 5.3 and pH = 6.7. In all experiments conducted on soils with a higher pH (pH = 6.7 and pH = 7.1), a significantly lower alkaloid content was detected in all Lupinus angustifolius cultivars than on soils with a lower pH (pH = 5.3 and pH = 5.8). Results clearly show that the alkaloid content is significantly influenced by the soil pH but genotypic differences regarding the reaction to different pH values in the soil were observed.
Introduction
Lupins as protein crops can be used in many ways. They are grown for green manure, for animal feed, or for human nutrition. Unlimited feeding of bitter seeds led to the disease "lupinose" in former times. It was caused by the alkaloids contained in bitter lupins [1] . Only breeding of the socalled sweet lupins [2] facilitates the use of lupins to a greater extent in animal feed and for human nutrition. But besides genetics the alkaloid content in sweet lupins, for example, Lupinus angustifolius, is influenced by different environmental factors. Apart from drought, heat, and nutrient deficiencies, plants are largely affected by the soil pH [3] . Lupin species are differing concerning their demands for optimal growth, but in general commercial cultivars of lupins grow poorly on alkaline or neutral soils [4] . In general blue lupins (Lupinus angustifolius) and especially yellow lupins (Lupinus luteus) are less sensitive to calcareous soils than white lupins (Lupinus albus) [5, 6] . The soil pH considerably influences yield and protein content of Lupinus angustifolius [7, 8] , that is, the higher the soil pH the lower the kernel yield and protein content. Besides this, the pH value has an impact on the production of secondary metabolites [9] [10] [11] , for example, out of many soil parameters analysed, the highest correlation of the production of the glycoside salidroside in Rhodiola sachalinensis was observed to the soil pH [9] . Similar results were obtained for the alkaloid production, for example, when the pH value in cell culture media of Lupinus polyphyllus decreased from pH = 5.5 to pH = 3.5, the alkaloid production increased [12] .
The objective of our field studies was to assess the influence of the soil pH on the alkaloid content of narrowleafed lupin cultivars (Lupinus angustifolius). 12.911754) under conventional growing conditions. In this experiment the alkaloid content was measured separately for each plot. In Table 1 the characteristics of the locations are given.
Materials and Methods

Determination of the Alkaloid Content.
Grain samples of about 250 g were randomly taken and grounded as described by [14] . All wholemeal samples revealed a dry matter content of about 90% and were stored at 20
• C until analysis. The subsequent alkaloid analysis in lupin whole meal flour was carried out according to [14] [15] [16] . Main alkaloids were calculated as the sum of alkaloids shown in Figure 1 . The main alkaloids in narrow-leafed lupins are angustifoline, isolupanine, lupanine, and 13-hydroxylupanine.
The determination of the alkaloid content was performed twice per sample with a coefficient of variation lower than 4%.
Statistical Analysis.
To assess the effects of the location on the alkaloid content, a generalized linear model for the analysis of variance (ANOVA) was applied, using the GLM procedure of the software package SAS (version 9.3) followed by a Tukey test (α = 0.05) for comparing the means. The two datasets were analysed separately.
Results and Discussion
The alkaloid content in sweet narrow-leaf lupin cultivars is in general very low. Already Sengbusch [17] suggested to call lupins alkaloid-poor (0.05% alkaloids in seeds) or alkaloid-free (0.025% alkaloids in seeds). Nevertheless, the seed alkaloid content of sweet lupins is influenced by different environmental factors such as fertilizers [18] [19] [20] [21] [22] , ambient temperature during initiation of flowering up to pod ripening [14] , and drought stress [23] . In 2004 and 2005, the mean daily temperature at the beginning of flowering until harvest in August was very similar [14] . The experiments were also carried out under uniform agronomic management (fertilizer, herbicides, etc.), so that the abiotic stress factors temperature, drought, and nutrient deficiency as well as mechanical damage can be neglected. 
g).
Out of all alkaloids analyzed the lupanine content shows the largest increase with decreasing soil pH. Christiansen et al. [23] reported that drought stress during the vegetative phase reduces mostly the concentration of lupanine, 13-hydroxylupanine, and angustifoline, whereas isolupanine is affected to a much smaller extent.
The differences in the alkaloid content between the locations in Mecklenburg-Western Pomerania and Bavaria are significant (Table 3) . Figure 2 clearly demonstrates that the alkaloid production is significantly higher when lupins are cultivated at a lower pH (mean value of two years is shown). However, also clear differences are observed between cultivars opening the opportunity to breed cultivars with low alkaloid content under low pH conditions, for example, Vitabor.
In 2010 also two cultivars and six newly developed breeding lines of Lupinus angustifolius were analyzed concerning the alkaloid content at locations with different soil pH. At Gründl (pH = 6.7) the total alkaloid content ranged between 0.0166% and 0.1293% while at Bornhof (pH = 5.3) the alkaloid content was in general higher and ranged between 0.029% and 0.1810% (Figure 3) . The variety Boruta and two new breeding lines revealed the lowest alkaloid content (Figure 3) .
Concerning the average main alkaloid content in cultivars and breeding lines significant differences between locations were observed in 2010 (Table 5) For lupin cultivation a rather low soil pH (pH = 5.0-6.8) is recommended [5] . Jansen et al. [16] reported that the grain yield at pH = 7.2 is lower than at pH = 5.8. On the other hand the alkaloid content of Lupinus angustifolius decreases significantly at a higher pH (Figures 2 and 3) . Therefore, for a high yield combined with low alkaloid content, the soil pH is of prime importance, although it has to be taken into account that also additional environmental factors, for example, drought stress, fertilization, and temperature, can have an adverse effect on the alkaloid content in lupin seeds. Yaber Grass and Leicach [24] noted that a significant increase in the total alkaloid content was observed from samples of Senecio grisebachii growing in highly deteriorated soil compared to those from samples grown in less deteriorated ones.
The results presented show that additional breeding efforts are needed to achieve low alkaloid content also under low soil pH. As shown in Figures 2 and 3 genetic variation concerning this trait is present in cultivars and new breeding lines which could be exploited in the future.
